The hypersonic transitional flow aerodynamics of the Mars Pathfinder and Mars Microprobe capsules are simulated with the direct simulation Monte Carlo method. Calculations of axial, normal, and static pitching coefficients were obtained over an angle of attack range comparable to actual flight requirements.
INTRODUCTION
During the next decade, mapping and inspection missions to Mars will occur with considerable frequency utilizing orbiters, landers and penemtors. The NASA Planetary Exploration Program plans for a pair of spacecraft to be sent to Mars every twentysix months for the next five years. This activity was initiated in late 1996 with two successful launches: first, the Mars Global Surveyor spacecraft which will provide an orbiting platform and, second, the Mars Pathfinder scheduled for a Mars landing July 4, 1997.
The Mars Pathfinder mission will demonstrate a low-cost delivery system** to the surface of Mars while providing unique opportunities for scientific exploration. The entry vehicle contains a scientific instrument platform and a small rover that will be placed on the surface of Mars. Pathfinder is viewed as a proof-of-concept system for future Mars explorations such as the Mars '98 Surveyor Lander mission which will include an orbiter and a lander and the Mars 2001 Aerocapture Orbiter, again an orbiter and a lander. The entry and aerocapture capsules for the later missions will be similar to the Pathfinder configuration. In addition, the Mars '98 mission will deploy two Mars Microprobes, penetrators that are enclosed in basketball size aeroshells for thermal protection and stabilization during entry.
The present study addresses the m f i e d aerodynamics of two of the Mars entry capsulesPathfinder and Mars Microprobes. AS demonstrated in the present paper, rarefied aerodynamics can be a significant issue for entry capsules, particularly those without an active control system as is the case for both Pathfinder and the Mars Microprobes. Since rarefied aerodynamic databases are required for design, operations and postflight analyses, results of numerical simulations are presented. The simulations are achieved with the direct simulation Monte Carlo (DSMC) method of Bird3. DSMC results obtained using both axisymmemc and three-dimensional solvers are presented and complemented with fke molecular and Newtonian results. The Mars Pathfinder capsule has a 70.19' spherically blunted forebody followed by a 46.63' conical afterbody with a maximum diameter of 2.65 m. Because of Pathfinder's aft center-of-gravity location, it is statically unstable for the k molecular and much of the transitional flow regime, that is, the flow regime bounded by fke molecular and continuum flow. However, as shown from trajectory calculations, the gyroscopic effect of the vehicle spin is adequate for preventing unacceptable increases in vehicle attitude during the transitional portion of entry. A second requirement for Pathfinder rarefied aerodynamics is to support the atmospheric structure experiment where data obtained from accelerometer measurements will allow the extraction of atmospheric density as well as pressure and temperature. Accuracy of the atmospheric structure experiment depends directly on the accuracy of the probe axial force coefficients.
Upon arrival at Mars, the Microprobes will be released from the Surveyor spacecraft and begin a k fall to the surface. The capsule forebody is a spherically blunted 45" half angle cone followed by a hemispherical backshield with a maximum body diameter of 0.35 m. A unique aspect of the Microprobes' entries is that the vehicles will encounter Mars' outer atmosphere in a random state, potentially tumbling after deployment from their host Mars '98 lander. The Microprobes are dependent on transitional flow aerodynamics to achieve an orientation such that the afterbody thermal protection system is not compromised by heating at or near continuum flow conditions. Therefore, aerodynamic data for zero-to-large angles of incidence are pvided for selected degrees of rarefaction. A discussion of the rationale for selection of the Mars Microprobes aeroshell shape is given in Ref. 4 along with a description of its current aerodynamic database that includes hypersonic rarefied, hypersonic continuum, supersonic and transonic flow regimes.
COMPUTATIONAL METHODS AND PHYSICAL MODELS
The computational tools utilized consisted of two DSMC codes complemented with a k molecularNewtonian code. The G2 code of Bird5, a 2D/axisymmetric code, was used to provide zero incidence DSMC calculations. G2 utilizes a bodyfitted grid and has an extensive history of application and validation. For a G2 simulation, the computational domain can be subdivided into an arbitrary number of unstructured regions, each region further subdivided into structured but variable size cells, and the cells subdivided into subcells to promote nearest neighbor collisions.
The 3D DSMC calculations were made using the code of JkBeau (described in Ref. 6) named DAC (DSMC Analysis Code). DAC uses a variableresolution Cartesian grid currently consisting of two levels of cells. The resolution of the first level of cells is constant and is typically set based on the minimum desired flowfield resolution for a given problem. To further refine the flowfield grid in areas of increased density or high gradients, each level-1 cell can have an additional level of e m W Cartesian refinement. This second level of refinement is independent for each level-1 cell. The ability to refine the flowfield grid locally allows DAC to meet the spatial resolution required without excessive global refinement. The surface geometry for DAC is specified as a collection of planar triangular elements which form an unstructured triangular grid. The surface grid is defined independently of the volume grid. The reduced volumes of Cartesian cells that are clipped by the surface are computed and, to minimize the computational effort required to determine molecule-surface interactions, the surface triangles a~ mapped to the Cartesian cells. Uncoupling the surface and volume grids is a desirable feature when calculating aerodynamic moments particularly for highly rarefied flows in that the surface discretization can be resolved sufficiently to achieve accurate moment calculations without unnecessary flowfield resolution. More details concerning DAC features and capabilities are included in Ref. 6. An example of the good agreement between G2 and DAC for blunt body aerodynamics is discussed in Ref. 7 where the rarefied aerodynamics for the Galileo Probe (45.14" spherically blunted forebody with a hemispherical afterbody and a maximum diameter of 1.265 m) were calculated.
Free molecular and Newtonian values presented herein were calculated using the DACFREE code. This code was written by the second author utilizing free moleculd and modified Newtonian8 analytical expressions. An unstructured triangular surface grid is used to define the surface geometry, the same as used to define the surface geometry in DAC.
For both DSMC codes, the physical models are common. Molecular collisions are simulated using the variable hard sphere (VHS)3 molecular model. The surface boundary conditions assumed the gassurface interaction to be diffuse with full thermal accommodation to a specified surface temperature. For those calculations with reacting chemistry, the surface was assumed to be noncatalytic.
Representative examples of DSMC validation for blunt body hypersonic flows are given in Refs. 11 through 13 where the test cases are closely related to the Pathfinder configuration. Several examples of applications of the G2 code of Bird to simulate ground based experiments performed as part of the AGARD Working Group 18 activity are included in Refs. 11 and 12. These test cases span a range of conditions (nonreacting to reacting flows) in the transitional to continuum regime. Comparisons of measurements and computations include flowfield structure, surface quantities and aerodynamics. In general, the G2 results were in good agreement with the measurements. Also, of direct relevance is the study of Blanchard et al.13 where very good agreement for the normal-to-axial force ratio is achieved between the measured Viking I data and the DSMC simulations of the Viking spacecraft at 11' angle of incidence using the DAC code.
RESULTS AND DISCUSSION
Details of the hypersonic rarefied aerodynamics as calculated with DSMC analysis for Mars Pathfinder and Mars Microprobes follows. Figure 1 displays the configuration and relative size for both capsules.
Mars Pathfinder
The Pathfinder configuration and dimensions as used in the current calculations are given in Fig. 2 . The freestream conditions listed in Table 1 were generated for a nominal entry trajectory using a Clan~ey'~ model for the atmosphere. As shown in Table 1 (Fig. 3) , the center of pressure (Fig. 4) and the moment coefficient (Fig. 5) about the center of gravity (located 0.7154 m from the forebody nose) as a function of angle of incidence. The reference aerodynamic area and length are zd */4 and d, respectively. The center of pressure location (Fig. 4) is approximately constant until the angle of attack approaches the afterbody angle (46.6"). When this occurs, the afterbody conical ii-ustrum is no longer fully shadowed by the forebody and the center of pressure location moves aft until an angle of attack of about 90" is achieved. As a increases beyond go", the center of pressure moves forward as more of the afterbody sees the flow. At 133.4", all the M y conical frustmm sees the flow and the center of pressure remains essentially constant for a up to 180". With Pathfinder's aft center of mass location (Fig. 4) , it is statically unstable at free molecular conditions except in a backward position as it enters the Mars atmosphere. The modified Newtonian pitching moment results are also included in Fig. 5 where they were evaluated at freestream conditions corresponding to an altitude of 56.1 km (continuum flow) and with a ratio of specific heats equal 1.4 (CO, is a linear triatomic molecule). As evident in Fig. 5 , Pathfinder goes from a statically unstable condition to a statically stable condition as it traverses the transitional flow regime. The impact on Pathfinder's entry attitude profile depends on how deep in the transitional flow regime the instability persists Smd the attitude control option exercised. As will be discussed later [see Fig. 14(c) ], the static instability persists to an altitude of about 90 km where the zero incidence forces have increased from 0.09 N at 141.8 km to 93.7 N at 90.2 km (7027 N at 56.1 km). Unlike the Viking 1 and 2 capsules which utilized an active control system throughout their entries, Mars Pathfinder will not rely on any form of active control (Ref. 2). Instead, an initial spin of two revolutions per minute and aerodynamic damping will be utilized to provide vehicle stability about a nominal zero degree trim angle throughout the entire atmospheric flight.
Impact of the transitional instability on Mars
Pathfhder entry attitude profile is indicated in Fig. 6 where these results are from a recent sixdegree-of-M o m trajectory analysis provided by Braun (see Ref.
2 for a description of the methdprocedure). Shown is the total angle of attack (square root of the sum of the squares of the angle of attack and the sidelip angles) as a function of time from 130.9 km altitude. The nominal entry assumes no error in the entry interface attitude. The trajectory simulation indicates that the gyroscopic effect of the vehicle spin is adequate for preventing unacceptable increase in vehicle attitude during the transitional portion of entry. As discussed in Refs. 1, 2 and 15, two other small angle static instabilities exist in the continuum flow regime, one as the vehicle passes through peak heating and the other after peak dynamic pressure. Also, a supersonic dynamic instability region is evident before parachute deployment.
Axisvmmetric calculations using: G2 Calculations were made for all of the freestream conditions listed in Table 1 using the G2 DSMC code with the reacting chemistry model described earlier. For these calculations, the computational domain included only the Pathfinder forebody up to the maximum body diameter, location 3 in Fig. 2 . A solution including the afterbody at 65 km altitude will be discussed later. Common to all the calculations was the subdivision of the forebody computational domain into four arbitrary regions and the use of 62 cells along the forebody surface. The size of the computational domain, the number of cell divisions normal to the surface, and the geometric progression of the cell size were adjusted with rarefaction to ensure that the cell size normal to the surface was less than the local mean free path length. Also, each cell was subdivided into 4 subcells. The number of molecules used in these simulations range from 76,000 to 290,000.
Included in Table 2 are values for drag coefficient including both the total, CD, and the pressure component of the drag, CD,p. stagnation-point heat
and stagnationpoint heating results. Figure 7 presents the drag coefficient as a function of hard-sphere Knudsen number, effectively the inverse of the fieestream density since density is equal to a constant divided by
Kn,,.
Evident is the increase in the drag coefficient as the flow rarefaction increases from continuum to free molecular conditions, approaching the free molecular value of 2.072 for an assumed wall temperature of 300K. Note that free molecular conditions occur at an altitude higher than 142 km based on the drag coefficient results. For the range of conditions considered, the frictional drag component increases from 0.6 percent of the total drag at Kn,, = 0.001 to 13.2 percent at a Kn,, = 100. Also shown are results of two Navier Stokes (NS) solutions, again for only the forebody, obtained by Gnoff0l5 using the Langley Aerothennodynamic Upwind Relaxation Algorithm (LAUIU) code. Agreement between the DSMC and NS solutions is very good. The calculations of Gnoffo show that the Pathfinder drag coefficient at a = 0" continues to increase in the hypersonic continuum regime until a value of C, = 1.718 is reached at a velocity of about 4.5 km/s. Figure 7 also includes results for modified Newtonian (y = 1.4) and Newtonian (modified Newtonian with y = 1.0). For the smaller Knudsen number conditions the dissociation is substantial within the shock layer. Consequently, the use of an effective value for y to approximate the real gas effects in the shock layer would result in a value between 1.4 and 1 .O. The modified Newtonian results with an appropriate effective y would be in closer agreement with the NS and DSMC results.
Knowing the drag coefficient, acceleration as a function of freestream density (or altitude) can be generated for an entry mass of 585.3 kg (assumed constant) and a cross-sectional area of 5.512 m2. For Mars Pathfinder, the calculated ( Figures 9 through 12 present surface and flowfield results highlighting some of the aerothemal aspects of the high altitude portion of Pathfinder's entry. Both the stagnation-point heating rate and heating rate coefficient, C, , values are listed in Table  2 . Calculated heating rate distributions are presented in Fig. 9 for the three lowest altitudes COIlsidered where the wall temperature distributions are constant at the values listed in Table 2 . As the flow becomes less rarefied, the calculations show that the increase in heating rate at the outer shoulder expansion becomes more significant.
The level of dissociation is significant at the three lower altitude conditions. This is demonstrated in Fig. 10 where the CO, mole fraction profiles along the stagnation stream line are presented. Depletion of CO, within the shock layer is substantial, being complete for the lower altitude. Also evident in these results is the large change in shock layer thickness with rarefaction.
A calculation including both forebody and afterbody wake regions was also made for the 65 km altitude condition. The computational domain for the simulation was extended to a location 3.5 m downstream of the nose of Pathfinder. The computational domain was subdivided into 17 regions, 18,600 cells and 74,400 subcells. The number of particles in the simulation was 473,000. Steady state was assumed to occur after 84,200 time steps and the simulation was continued to build up a large sample size for an additional 78,000 time steps. Results for the surface distributions for this case are presented in Fig. 11 . The prescribed surface temperature was 1 100 K up to the maximum surface radial location (location 3) and then ramped down to 450 K at an s location of 1.546 (just beyond location 5 in Fig. 11 ). The aerothermal loads along the afterbody are quite small compared to the forebody. For example, the maximum heating rate adjacent to location 3 has a value equal to 6.1 percent of the forebody stagnation point value. Along the afterbody base plane, the maximum heating is near location 6, having a value of 2.1 percent of the forebody stagnation point value. The shear stress distribution is not shown along the forebody but rises from zero at the stagnation point to a nominal value of 6 N/m2 along the forebody then rapidly increases to a maximum value of 20 N/m2 at location 2. Along most of the afterbody (s 2 1.4330), the shear stress values are as shown in Fig.  1 l(b) .
Shear stress reversal occurs at an s location of 2.06 m (x = 0.927m), with the initiation of a single vortex [ Fig. 12(a) ] that extends downstream of the afterbody to an x location of 2.750 m. Other aspects of the flowfield structure are evident in Fig. 12 where contours for density, overall kinetic temperature, pressure, and mole fractions for CO,, CO, and atomic oxygen are presented. The depletion of CO, in the forebody shock layer is almost complete near the surface [ Fig. 12(e) ] and the near wake flow consists predominantly of atomic oxygen and carbon monoxide with mole fractions of approximately 0.50 and 0.40, respectively. If the surface had been catalytic, then the gas composition near the surface would have been different and the calculated heating rate values would have been higher.
The influence of the afterbody flow on the forebody results and drag for blunt body hypersonic rarefied flows at zero angle of attack have been consistently16-18 found to be insignificant. The same is true in the present study for the 65 km condition. For example, the drag calculated with the afterbody was 0.24 percent less than the solution that included only the forebody, a difference believed to be within the statistical scatter of the results.
Another observation found in related studies11p12 is that the blunt body aerodynamics for hypersonic rarefied flows are insensitive to whether the simulation is made with a reacting or nonreacting gas model. In the present study, calculations with a nonreacting, 2 species, and active rotational and vibrational gas model were conducted for altitudes of 85.1 and 65 km. The ratios of the nonreacting to reacting drag coefficient for these cases were 1.0003 and 1.008, respectively, (see Fig. 13 ), again, a negligible effect. However, the nonreacting results are moderately sensitive to whether or not the CO, vibrational modes are active. For the 65 km condition and nonreacting flow, the calculated drag coefficient with a vibrational relaxation collision number of 50 was 1.667 while that for a vibrational relaxation collision number of 5,000 was 1.581, a 5.16 percent reduction when the participation of the four vibrational modes for C02 is suppressed.
Three-dimensional calculations using DAC The matrix of 3-D solutions that have been generated with DAC consisted of angles of attack of 0" to 15" in 5" intervals and altitudes between 141.8 and 85.1 km. This 15" angle of attack envelope encompasses uncertainties associated with initial attitude errors2 and the static instability in the hypersonic transitional regime. The calculations were made for a nonreacting C02/N2 gas model as described earlier. Results for axial, normal and moment coefficients are tabulated in Table 3 . The tabulated moment coefficients, Cm, are with respect to the nose of Pathfinder. The numerical simulations utilized the symmetry of the problem in that flow is computed about half of the capsule only. The forebody and near wake are included in the computational domain.
At the more mfied conditions only level-one cells are used in the simulations. For altitudes of 100 km and below, a minimum of two solutions were generated for each matrix point: a solution using a constant level-1 cell resolution throughout the computational domain and then at least one grid adaption was made to anive at a new grid, where each level-1 cell has an independent refinement based on the local conditions within the level-1 cells. At 100 km altitude, the impact on the calculated results was about a 1.5 percent reduction in C , . For the lower altitude conditions, the grid refinement produced a more significant reduction in each of the three aerodynamic coefficients and the results listed in Table 3 are based on the refined grid. The maximum number of particles used in the present 3-D simulations was 2.8 million.
When the DAC results for C , at 01 = 0" are compared with the G2 results (Fig. 13) , the agreement is very good (better than 0.7 percent) except for the lowest altitude (85.1 km) DAC calculation. For the 85.1 km solution, the DAC result is higher by 1.8 percent than G2. This difference is believed to be due to the near surface coarse gridding implemented in the present DAC simulation (cell sizes for this 85.1 km solution wehe at best 2.5 times local mean free path along the forebody surface). Use of larger computational resources could resolve this question.
The comparisons shown in Fig. 13 Fig. 14(d) ] is shown to be insensitive to the angle of attack variations considered. The lift is negative and quite small in comparison to the drag [ Fig. 14(g) ] for most of the transitional regime.
A goal of the Mars Pathfinder mission is to determine the performance of Pathfinder's entry, descent and landing systems, and reconstruct the Mars atmospheric structure at the time of entry. Density profile accuracy depends critically on C , knowledge. Tables 2 and 3 are essential elements in the overall aerodynamic database that will be utilized in the postflight analyses.
Data presented in

Mars Microprobes
The computational codes and the general approach implemented in the numerical computations for the Mars Microprobe capsule are the same as that used for the Mars Pathfinder study. Both reacting and nonreacting calculations with active internal energy modes have been used.
During the course of performing the computations, the baseline size of the Microprobe aeroshell was increased from an overall diameter of 0.325 to 0.350 m. The axisymmetric calculations were made for the small configuration (see Table 4 for various dimensions) while the 3D simulations were made for the current baseline configuration shown in Fig. 15 . The Microprobe geometry consists of a 45" half angle spherically blunted forebody where the nose radius is equal to half the base radius. The transition from the forebody to afterbody is by means of an outer comer radius equal to five percent of the base radius. The afterbody is hemispherical in shape with the afterbody radius, R,, centered at the center of gravity located 0.0839 m aft of the forebody stagnation point. A discussion of the mission requirements and constraints leading to this particular geometry is discussed in Ref. 4. Since the Microprobes will encounter the Mars transitional flow region in a potentially tumbling mode, the manner in which they reorient themselves in a forward attitude and achieve a relatively small angle of attack will have important implications on the thermal protection system requirements (Ref. 19) . This is particularly true for the small Microprobe capsules since heating rates will be quite high and the rarefied effects will persist to peak heating-rate conditions. Peak heating will occur near the lower altitude condition listed in Table 4 .
Drag results from the axisymmetric G2 simulations both with and without reacting chemistry are included in Table 5 and are shown in Fig. 16 . As expected, the change in the drag coefficient from continuum to free molecular conditions is much larger for the more slender Microprobe than the blunter Pathfinder: 86 percent for Microprobe versus 24 percent for Pathfinder. Also the contribution of friction to the total drag is significant: 7.4 percent at Kn,,,, = 0.0017 to 46 percent at Kn,,Hs = 80. As was the case for Pathfinder, the drag at zero incidence is insensitive to whether the calculations are made with or without a reacting chemistry model. When the present results are compared ( Fig. 16) Free molecular results obtained with DACFREE are presented in Fig. 17 . These calculations were made for freestream conditions corresponding to an altitude of 141.8 km (Table 6 ) and a wall temperature of 300 K. Unlike Pathfinder, Microprobe is statically stable at free molecular conditions for a = 0" and unstable for a backwads attitude, a condition for which it was specifically designed as discussed by Mitcheltree, et In fact, the restoring moment coefficient becomes less as the probes descend into the continuum flow regime. The reduction in restoring moment is insignificant for angles of attack less than 25" but very significant for larger angles of attack.
Results of the transitional aerodynamics calculated with DAC are listed in Table 7 for various angles of attack and three levels of rarefaction. The angle of attack ranges were selected to capture approximately 99 percent of the envelope of possible total angles-of-attack based on sixdep-of-freedom Monte Carlo trajectory simulations. Figure 18 displays the variation of C,, C,, Cm,cg, xcp, C,, C, and L D for three levels of rarefaction as a function of angle of attack.
The trends evident in the aerodynamic quantities presented in Fig. 18 are consistent with the free molecular and modified Newtonian data listed in Table 7 . Mitcheltree, et discusses the use of bridging functions to achieve good agreement with the present Microprobe results.
The calculated heating rates are very much dependent on the thermochemical state of the shock layer. Stagnation-point heating results with and without reacting chemistry models for a noncatalytic wall are presented in Fig. 19 . The reduction in surface heating due to shock layer nonequilibrium chemistry is about 8 percent at the 91.4 km altitude condition but increases to about 50 percent at the 54.9 km condition ( Table 5 ). With the current chemistry modeling and the assumption of a noncatalytic surface, peak heating occurs between an altitude of 64 and 55 km. Forebody surface heating rate distributions for the four lowest altitude conditions of Table 5 are shown in Fig. 20 . Heating along the conical forebody is about half the stagnation point value. However, the heating rate distributions along the conical forebody are shown to be dependent on rarefaction. This is most apparent for the 54.9 km case where heating along the conical forebody increases, rather than continually decreases with distance, s, along the surface.
Trends evident in the heating rate distributions are also manifested in the corresponding surface pressure distributions presented in Fig. 21 . The surface pressure has been normalized by the freestream dynamic pressure. The increase in the pressure coefficient on the spherical nose section with increasing rarefaction is qualitatively correct. On the conical frustrum, the pressure coefficient distribution is also seen to be influenced by rarefaction. For the smallest Knudsen number case considered, there is a substantial over expansion followed by recompression that influences the entire conical forebody, the qualitative behavior expected for this vehicle in hypersonic continuum flow. The process diminishes with increasing rarefaction. This behavior is identical to that observed in the calculations by Moss et al. ' for the Galileo Probe, also an entry capsule with a 45" sperically blunted forebody.
The extent to which the surface is catalytic to the recombination of atomic oxygen and carbon monoxide will also influence the predicted heating since the concentration of these species adjacent to the surface is significant (Fig. 22) near peak heating conditions. The depletion of CO,, along the stagnation streamline (Fig. 23) is significant within the transitional flow regime, but not complete as was the case for Pathfinder. This occurs because the shock layer thickness is about an order of magnitude smaller than that for Pathfinder at comparable altitudes.
The observed increase in CO, concentrations adjacent to a noncatalytic surface (Fig. 23) can be attributed to two potential effects. One is the chemical exchange reactions but not recombination reactions since they were omitted in the current chemistry model. The other possible contribution is that of thermal diffusion. Bird20 has shown that thermal diffusion for related hypersonic flows gives rise to an increase in heavy gas concentrations adjacent to surfaces. For large mass differences, thermal diffusion acts to concentrate the heavy gas in the cooler regions of the flow.
CONCLUDING REMARKS Direct simulation Monte Carlo (DSMC)
calculations complemented with free molecular and Newtonian solutions have been made for the Mars Pathfinder and Mars Microprobe capsules. The numerical simulations encompass representative direct entry conditions from fke molecular to continuum hypersonic flows. Emphasis of the present study is the generation of transitional flow aerodynamic databases for both missions. For Pathfinder, the data is part of an overall database being used to update the sequence of events that will occur during entry and descent. Postflight analyses will rely on the axial and normal force coefficient data to extract atmospheric density from the accelerometer measurements during entry into the C02/N2 atmosphere of Mars. For the Mars Microprobes, the database has been used to validate bridging relations for aerodynamic coefficients, which in turn are used in trajectory simulations to establish vehicle flyability. Computations for both Pathfinder and the Microprobes at zero incidence using an 8-species chemistry model provide information concerning heating and flowfield features.
Results of the computations show: 1) excellent agreement between free molecular and collisionless DSMC results; 2) excellent agreement between the axisymmetric and 3-D DSMC solutions for zero incidence; 3) excellent agreement between Navier Stokes and DSMC drag results for Knudsen numbers of the order of 0.001; 4) that the aerodynamic drag for the current blunt body configurations at zero incidence are not influenced significantly by chemical reactions but are moderately sensitive to the vibrational modeling; and 5 ) a strong dependence of the flowfield structure and surface heating on the thermochemical state of the shock layer. ' ' ' ' ; ' ' ' ' ' ' ' ' ; I ' ' 4 s, m 0) Afterbody results. 
